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ABSTRACT

A complete documentation of Nimbus II High Resolution Infrared Radiometer
data and ESSA-3 photographs is presented for the life-time of Typhoon Marie 1966.
Particular emphasis in this analysis was given to the earliest stages of noticeable
storm development. The interpretation of the satellite data in combination with the
sparse conventional observations from the central Pacific Ocean revealed meteor-
ological conditions in the development area which are commonly found necessary
for tropical storm development. These conditions were as follows: the sea surface
temperature was above 26.5°C, a deep lower tropospheric moist layer existed, the
low level flow was convergent, and the vertical wind shear was small. The distance
of the development area from the intertropical convergence was 7to 8 degrees lati-
tude. The mid-Pacific troughs were present in both hemispheres and outlined by
distinct cloud bands that reached with their extremeties into the development area.
Additionally, however, it was found that a heavy large-scale cloud system shaped
like a boomerang existed slightly to the west. This cloud system consisted of two
formerly extratropical frontal cloud bands that penetrated into the subtropical and
tropical regions from bothhemispheres and met close to the equator. Both features
were associated with a pronounced upper tropospheric (200-mb) divergence that
was mainly inferred from the cirrus flow visible in the satellite observations and
persisted for a number of days over the region of storm development. This upper
divergence seemed to play a major role in the initial development of the storm.

The results of this study prove the usefulness of high resolution infrared and
television observations from satellites for the investigation of small-scale phe-
nomena as well as their interconnection with large-scale atmospheric processes in

tropical meteorology.
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A SATELLITE VIEW
OF TYPHOON MARIE 1966 DEVELOPMENT

by
G. Warnecke* and L. J. Allison
Goddard Space Flight Center

E. R. Kreins, Major, USAF'
USAF Envivonmental Technical Applications Center

L. M. McMillin

Allied Research Associates, Inc.

INTRODUCTION

In a comprehensive survey of problems in tropical meteorology, Alaka (1964) wrote the follow-
ing on the broad-scale conditions of hurricane and typhoon development:

"It is a known fact that the incidence of hurricanes is directly related to atmospheric condi-
tions beyond the immediate locality of the potential storm. Some of the known pertinent broad-scale
features include the condition of the trades, the equatorward extension of the mid-latitude west-
erlies and the intensity and location of the subtropical highs and intertropical shearlines. The
mechanism of the persistence and variations of these features and the nature and dynamics of their
relation to hurricane formation and development need to be investigated."

This paper will demonstrate that satellite infrared and television observations can help in the
investigation of these mechanisms and will present the results of a case study performed partic-
ularly for the early development stages of Typhoon Marie 1966 using high resolution observations
of the Nimbus I and ESSA-3 meteorological satellites. In this connection, a complete documenta-
tion of the satellite observations of Typhoon Marie was achieved and is presented in the appendices
of this report.

Satellite television pictures resemble normal photographs and need no explanation; however,
introductory remarks are necessary to interpret the high resolution infrared radiometer (HRIR)
data used in this report.

*On leave from the Free University of Berlin, Germany, as National Academy of Sciences—National Research Council Senior Postdoctoral
Resident Research Associate with the National Aeronautics and Space Administration.
T Air Weather Service member temporarily attached to the Goddard Space Flight Center.



HIGH RESOLUTION INFRARED RADIOMETER DATA

The Nimbus IT high resolution infrared radiometer measured radiation in the 3.5- {0 4.2-micron
atmospheric "window" region. Detailed observations of three-dimensional cloud structures were
made possible by the relatively small field of view of the instrument, which was 8.6 by 9.7 kilo-
meters at the subsatellite point (determined by the average satellite altitude of 1100 kilometers
and the 7.85 by 8.80 milliradians degree aperture of the instrument).

The radiometer measurements differ from satellite television pictures in that the infrared
radiometer measures outgoing emitted radiation, while the television pictures depict differences in
reflected solar radiation. In the 3.5- to 4.2-micron near-infrared region, only nighttime measure-
ments detect pure thermal radiation. Atmospheric and terrestrial features are detected by daytime
measurements also, but a separation of the two radiation components, and therefore a unique phys-

160°E 150°E

Figure 1—An example of photo im-
agery of Nimbus I HRIR data from
orbit 2266 on November 1, 1966,
showing Typhoon Marie near 20°N.

ical interpretation of the measurements in meteorological terms,
is not possible because of the approximately equal radiances of
the emitted thermal radiation and the near infrared reflected-
solar radiation. In the absence of sunlight, blackbody radiation
can be assumed and the detected radiance can be converted to the
temperature of the radiating surface ("'equivalent blackbody tem-
perature," T,;). This permits the derivation of earth or ocean
surface temperatures, under clear sky conditions, and cloud top
heights when an opaque, plane cloud surface fills the field of view
of the radiometer. Examples of this technique and results from
satellite experiments are well documented (NASA, 1965).

In the 3.5- to 4.2-micron range of the HRIR instrument, slight
atmospheric attenuation by water vapor and carbon dioxide is still
present and corrections of up to +56°K may have to be applied to
the temperature maps. These corrections are directly propor-
tional to the scan nadir angle and the variable atmospheric water
vapor content.

The infrared data are presently available in two forms. One
is a photographic image formed scan by scan from the original
analog record of the data. This results in a pictorial view of the
cloud and surface temperature structure. However, no absolute
values of either temperatures or temperature differences can be
derived from this display, because reproductions from the orig-
inal negatives are exposure controlled. In addition, large dis-
tortions at the sides of the orbital strips prohibit a good mosaic
of consecutive orbits, Nevertheless, the photo imagery has the
advantage of being the more complete form of data display. An
approximate geographic grid, accurate to within 2 degrees of
great circle arc at the subsatellite point, is superimposed upon
the photographic image for a rough orientation. Figure 1 is an




example of an orbital film strip exhibiting the fully developed Typhoon Marie, the main subject of
this study. The vortex center is marked by a cirrus canopy and no eye is discernible. The pro-
nounced convective inflow spiral bands can be distinguished from the thinner and more diffuse cir-
rus outflow streamers. A large number of structural details can be seen in this photographic dis-
play, but the obvious distortions at the sides of the film-strip obscure part of the storm.

The second form of data, the grid print map, is a computer transformation of the data, cali-
brated in terms of equivalent blackbody temperature, into a standard geographical map projection
(Mercator or polar stereographic) of various scales. The advantages of this form of presentation
are the display of absolute values, the elimination of distortion, and the possibility of automatically
composing measurements from consecutive orbits into quasi-synoptic areal maps. However, due
to the scanning geometry, either a loss of detail will result from averaging in the center portions
of each swath, or data gaps will occur at some distance from the subsatellite point where the data
spacing is larger than the grid interval. Figure 2 is an example of a computer product showing the
rectified compbsite of numerical data from three consecutive orbits, including the one of Figure 1,
in a Mercator projection. Automatic contouring facilitates the recognitionof patterns such as the
large spiraling typhoon cloud system (center), the cloud band of the intertropical convergence zone
(center right), and extratropical frontal cloud systems (upper left and lower right). The average
minimum cloud top temperatures in the frontal cloud systems are around 230°K (approximately
-40°C and corresponding to an average cloud top height of at least 11 kilometers). The lowest
temperature shown over Typhoon Marie in this map is below 225°K, indicating cloud-top heights
above 11,8 kilometers. Values colder than 230°K should, however, be viewed with some reservation
because they are at the lower detection limits of the radiometer for this orbit.

The computer determines an average space view level from the measured space levels pre-
ceding and following each earth scan. All values within the earth scan that fall below this level are
assigned a value of 190°K while higher values are assigned a temperature given by the calibration
of the instrument. The space view or '"noise equivalent temperature' for the case studied was
around 230°K but varied with the cell temperature of the sensor. When a map is produced, these
190's are averaged with the other temperatures occurring within a given grid interval. Thus there
is some uncertainty in all temperatures produced on such a map since 190's may be contained in
the average of every grid point; but omitting the 190's from the map would not solve the problem
because all the temperatures omitted would be below some level, thus causing the resulting aver-
ages to be too warm. The 190's are left on the maps because the resulting isopleths show at least
the structure of the higher cloud systems. Also, all 190's that have been observed were in colder
areas where high clouds were present. This means that, on such a map, high temperatures around
290°K are not likely to contain any 190's in the averages and are exact, while temperatures of 240°K
may contain some 190's in the printed average value. Since the isotherms of values below the space
view level which result on such a map obviously contain 190's in the averages, no temperature
values are assigned to these lines in this area in the figures presented.

When interpreting the measured equivalent blackbody temperature as cloud-top temperature,
an approximate conversion of these values into cloud top height can be performed using the tropical
atmosphere of the 1966 U. S. Standard Atmosphere Supplements for the temperature-height rela-
tionship. This relationship is used in the legends of the second figure in each appendix.
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Figure 2—An example of a composite grid print map of Nimbus Il HRIR data from orbits 2265, 2266, and
2267 on November 1, 1966, Projected on a Mercator Base (1 grid interval = 1.25 degrees longitude),
showing Typhoon Marie near the center,

DEVELOPMENT OF TYPHOON MARIE AS DERIVED FROM SATELLITE OBSERVATIONS

Typhoon Marie developed during the last ten days of October 1966 in an area bounded by 10°N.,
20°N., 170°W., and 170°E,

On October 24, 1966, the remnants of a northern hemispheric extratropical frontal system are
trailing into the development area producing a large number of cumulus clouds, which are organized




in some slightly curved cloud bands (Figure A4). The intertropical convergence (ITC) zone is
weakly indicated in the cloud pattern of this region (Figures Al, A3). There seems to be an abrupt
structural change in the ITC around 170°W. A continuous band of heavy, high-reaching cloudiness
is associated with it east of this longitude, where one of the northern extratropical cloud bands
merges into the ITC zone; west of this longitude the ITC appears poorly defined by the cloud pat-
tern. The first indication of significant cloud development connected with the storm was found in
this area on October 25, 1966.

Figure Bl is a montage of four HRIR film strips obtained from consecutive nighttime orbits
on October 25, 1966. The most interesting feature in this figure is the boomerang-shaped cloud
system composed of one northern and one southern hemispheric frontal cloud band, which join near
the equator at 140°E. The ITC zone is indicated by the associated line of convective cloud systems
between 5°N. and 10°N. The significant feature in the area of later storm development is a cluster
of relatively small convective cloud systems. The different grey shades of these clouds on the
original film strip indicate that the cloud tops vary in altitude. The apparent lack of cirrus anvils
and the low radiation temperatures of some of them (indicating a high cloud top) suggest that a
number of these clouds have developed into cumulonimbus calvus. The whole cluster appears to be
unorganized because the smaller and lower clouds are too small to be resolved by the HRIR
instrument.

However, because of the higher spatial resolution of the camera, the corresponding ESSA-3
photographs taken 12 hours earlier (Figures B3, and B4) show that a spiral formation existed within
the same cloud cluster; but the photograph does not give any indication of the cloud-top heights.
Obviously both techniques are useful and, when used together, provide a means for early detection
of a convergent streamfield, at least at the lower tropospheric cloud level, and the build up of
stronger convective cells within this area.

The analysis of a grid print map, reproduced as Figure B2, shows the HRIR measurements in
a rectified version (Mercator map projection) for the night of October 25. The boomerang-shaped
cloud system and the ITC cloud band stand out clearly. However, no structural details of the cloud
cluster mentioned before are resolved because of the averaging of more than 200 measurements
into one grid point of the grid print map. In the figure the cluster appears as a small isolated area
of lower equivalent blackbody temperature indicated by the letter ""M.,"

On the following day, October 26, the area in question is located at the boundary between two
orbits from both the Nimbus II and ESSA-3 satellites and is so distorted on the photographic dis-
plays (Figures Cl and C3) that it is difficult to derive detailed characteristics of the particular
cloud cluster, However, an intensification of a number of small convective cloud cells, some of
which seem to have developed cirrus anvils, at least can be derived from the television picture;
and the Nimbus II grid print map (Figure C2) confirms this by showing an expansion and intensifi-
cation of the cold spot (M).

A drastic change occurred during the next 24 hours. On October 27, the HRIR grid print map
(Figure D2) shows an extended high (cold) cloud system that seems to merge into the ITC zone of



cloudiness between 8°N. and 16°N, and 170°E. and 180° longitude. A detailed photograph of the HRIR
data (Figure D1) reveals extended areas of high clouds, a pronounced spiral structure of these high
reaching cloud systems, and a strong anticyclonic cirrus outflow. This outflow is suggested by the
texture at the outer edges of the high-level spiral clouds. It should be emphasized that the main
cirrus outflow occurs over and along the pronounced convective spiral cloud bands, while the center
of the forming cyclone apparently shows areas of clear sky.

On the following day, October 28, the development of the cirrus shield of the storm seemed to
cease temporarily, as indicated by higher equivalent blackbody temperatures in larger parts of the
outflow bands (Figure E2) shown by the radiation measurements, although the television pictures
seem to suggest the distinct organization of a solid, more symmetric vortex (Figures E3 and E4),
In the afternoon of October 29, the storm shows the first indication of an eye near 15°N., 169°E.
(Figures F3 and F4). According to Weather Bureau reports, the typhoon stage was reached on the
next day, October 30, 1966. The HRIR photographs then show a pronounced cirrus canopy over the
storm center and the eye is no longer visible on this day. The numerical analysis of the infrared
data of November 1, 1966 (Figure I2), shows a large cirrus canopy above 11 kilometers, while the
HRIR photograph shows the details of the inflow and outflow spirals (Figure I1). A striking feature
in this case is the large scale outflow system at the cirrus level, which finally penetrates even into
the southern hemisphere. This outflow can be located near the 200-mb level because, according to
Johnson (1966), the cirrus flow seen in satellite pictures was repeatedly found to approximate the
horizontal motion field at this level.

Regarding the cloud structure in the vicinity of the storm, an interesting phenomenon can be
found in the presented catalog of pictures. During the early stages of development (October 27-29),
the heaviest high-level outflow cloudiness was observed on the north and east side of the develop-
ing center. When the storm reached the typhoon stage (October 29-November 1), the main outflow
cloudiness appeared on the southeast and south side of the vortex center with a very pronounced
southwestward flow toward and across the equator. During the mature typhoon stage (November 2),
when the storm approached an extratropical frontal system and began to assume a northeasterly
course, it developed an extensive, high cloud system at its northern rim.

During the period of early development of Marie, another storm, Tropical Disturbance #34,
started to develop at approximately 15 degrees longitude to the west. On October 30 it appeared to
be almost as intense and as extensive as Marie. After this day, however, it rapidly decayed, while
Marie reached typhoon stage. Finally on November 1 the remnants of this tropical disturbance
were incorporated in the horizontally expanding flow system of Marie (Figures I1, 12, I3),

METEOROLOGICAL ASPECTS OF TYPHOON MARIE DEVELOPMENT

The earliest indication of the development of Typhoon Marie was found, as mentioned earlier,
in the satellite observations of October 25, 1966, close to 15°N. latitude and 180° longitude, an area
with no weather station closer than 1200 kilometers, The physical state of the troposphere in this
region can be obtained only by interpolation of conventional data and inference from the satellite

observations.



The development of Marie as seen in the satellite data described in the previous section, and
more extensively treated by Fett (1968) and also briefly discussed before by Warnecke et al. (1968),
seems to follow the lines of tropical storm development as recently surveyed by Gray (1967), with
the exception of his stated opinion on the negligible importance of upper tropospheric (perhaps
200 mb) divergence for the initial tropical storm development. Gray's list of necessary conditions
for tropical storm development is fulfilled in this case. The distance of the development area from
the ITC cloud band located at 7°N. to 8°N, in the satellite observations (Figures Bl and B3) was
found to be 7° to 8°. This ITC cloud band was assumed to coincide with Gray's equatorial surface
pressure trough, which could not be located accurately with the sparse conventional data available.
The development occurred over water warmer than 26.5°C (79.7°F), since ocean surface tempera-
tures of at least 28°C were detected by the HRIR sensor. This is consistent with the climatological
mean temperature for October (Figure 3). The large-scale general low level flow was convergent
(Figure 6). The vertical zonal wind shear was very weak in this region, as shown in Table 1,
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Figure 3—Monthly mean sea surface temperature (°F.) of the Pacific Ocean for October (from U. S. Naval
Oceanographic Office, 1968) and track of Typhoon Marie from October 25 through November 4, 1966,

Table 2, which lists radiosonde measurements at the nearest stations, shows that this situation
was persistent for several days. A deep layer of high relative humidity existed in the lower tropo-
sphere, since, according to Table 2, the top of the moist layer is in the vicinity of the 700- and
800-mb levels or 2000 to 3000 m, respectively. Thus the reservoir of latent heat is fairly large;
the tropospheric total precipitable water content computed from the radiosonde data over Wake
Island on October 24, 1966 was 4.0 cm.



Table 1 The time-sections of radiosonde
observations over Wake Island, and
Eniwetok Atoll, Marshall Islands
(Figures 4 and 5), characterize the

Wind at 15°N., 180°W. on October 24, 1966 1200 GMT
(by Horizontal Interpolation from Surrounding Observations).

Wind upper air conditions at some distance
Atmospheric Pressure (mb) (deg) (mps) from the typhoon. These were the
two stations the storm most closely
200 360 5 approached when it passed halfway
500 080 8 between them around October 30,
700 090 10 1966 (compare Figure 3) as a mature
Surface 080 8 typhoon. Over Wake Island, only in-
tensified easterlies were observed

below 300 mb. The winds at the 200-
and 150-mb levels, however, responded clearly to the anticyclonic, high-level outflow observed in
the satellite observations. Over Eniwetok Atoll (Figure 5), located south of the typhoon track, the
lower tropospheric winds showed the storm passage by shifting to westerly directions, while the
upper tropospheric winds between 300 mb and 150 mb indicated the anticyclonic outflow,

The synoptic situation over the central Pacific during the period of time considered is illus-
trated by a surface weather map and a series of 200~mb streamline maps which were constructed
in order to investigate the dynamics of Typhoon Marie development. The synoptic surface analysis
of October 24, 1966, 1200 GMT (Figure 6) is based on conventional surface observations and the
presented satellite television and infrared data (Appendix A). The extensions of the mid-latitude
frontal cloud bands, which are so obvious in the satellite observations, are identified by open circles
along a solid line and are usually in good agreement with surface cloud observations. Conventional
trough lines are marked by dashed lines, and the ITC zone is delineated by a dashed double-line.
Its position is mainly based on satellite information.

The 200-mb streamline patterns were constructed from 200-mb radiosonde wind observations
and wind directions derived from cirrusblown off in distinct cloud bands from the high-reaching con-
vective cloud systems (Jager etal. 1968), as seen in the satellite observations (Appendices A to E).

The large-scale synoptic situation is characterized by the approach of the remnants of a south-
ern and a northern hemispheric extratropical frontal cloud system into the equatorial region. These
frontal remnants can be identified only by their cloud bands as seen in satellite television pictures
and infrared photo imagery, as well as upper tropospheric (200-mb level) troughs, rather than by
conventional surface observations. Although the lower tropospheric portions of these former fronts
dissipated when passing through the subtropics, the upper tropospheric cloud-producing or rather
cloud-maintaining processes seem to survive and are thus reflected in the cloud features described.

In detail, the cloud photographs on October 24, 1966, the day before any obvious indication of
the later storm development was present (Appendix A), show a widely unorganized cumulus con-
vection pattern around 15°N. and 180°W. This cumulus convection was activated by the intrusion
into this area of the slowly southward moving remnants of a former cold front (Figure 6), still



Table 2

Radiosonde Measurements in the Vicinity of the Typhoon Marie Early Development Area.

October 22, 1966; 00 GMT October 23, 1966; 00 GMT October 24, 1966; 00 GMT
Atmos. Johnston Island Wake Island Majuro Island Johnston Island Wake Island Majuro Island Johnston Island Wake Island Majuro Island
Press.
{mb) Wind Wind Wind Wind Wind Wind Wind Wind Wind
Temp R.H.— Temp R.H.— Temp R.H.—™ Temp R.H. Temp R.H. Temp R.H.—/ Temp RH,—/ Temp R.H.— Temp R.H.—
deg mps deg mps deg mps deg mps deg mps deg mps deg mps deg mps deg mps
200 -53 — 182 10 -53 — 130 03 -53 — 216 09 -53 — 276 10 -53 — 005 04 -53 — 300 11 -52 — 264 13| -53 — |355 08 -52 — 290 05

300 -33 53 219 15 -32 18 050 03 -30 20 099 07 -32 24 260 17 -32 16 161 04 -30 19 115 06 -31 14 255 15| -32 18 |326 02 -30 27 115 05

400 -17 33 233 10 -18 18 059 16 -15 27 104 06 -16 25 259 14 -17 16 106 12 -15 36 @80 08 -17 . 19 236 05 | -16 17 |147 02 -15 31 124 04

500 -6 60 244 06 ~5 17 082 10 -6 53 089 06 -6 33 260 06 -6 15 09 13 -5 16 106 12 -8 | 45 062 07| -5 17 (139 10 | -4 19 128 05
700 9 78 098 03 10 70 104 07 11 33 109 11 11 39 029 04 10 56 (091 08 11 32 094 09 9 | 57 077 16 11 | 19 (104 09 10 49 084 14

800 15 76 083 05 15 71 093 08 16 30 108 09 17 53 044 07 16 , 81 | 107 07 15 69 088 08| 14 | 65 076 12 16 | 67 | 097 08 15 67 067 08

850 18 63 1065 07 17 | 78 093 11 18 41 105 10 19 63 (300 03 18 | 67 |110 07 18 62 100 08| 18 | 68 | 075 14 18 | 76 |088 11 18 | 74 (078 08

900 21 | 61 |060 08 19 | 8 087/ 13, 21 59 (100 10 21 | 72 056‘ 08 20 | 74 |114 08 20 , 66 (103 09| 21 | 66 |078 12 21 | 65 |089 11 21| 73 091, 07
950 23 | 75 |056] 11| 22 | 80 |079 13 23 | 74 (092 08 23 | 71 |060| 09 23 | 72 |094 08 23 | 69 [117] 05| 22 72 1082) 12 24 | 84 [084| 11 24 | 82 |078| 05
1000 25 | 88 |074; 11| 26 | 83 |050( 11 29 | 69 (085] 06 28 | 75 |058{ 07 27 | 75 |074| 08 28 | 68 [122| 04| 25 79 {086 10 27 | 84 [062] 10 28 [ 75 |069| 05

SFC 25 | 91 (080} 10} 28 | 87 |040f 10 30 | 73 [080] 05 29 | 78 |060( 07 29 | 82 |060) 06 30 | 71 |120) 03| 27 [ 80 |090| 08 28 | 84 [050| 09 29 | 75 070 05




|

| Less

"6599

soslee

] o [ ‘ ‘y”- ]
-8I.2£:‘“3 783 i&;“ -820¢%68!  ooue

l l | 7
looe ‘mé\l“s' -76?6595 -77.&55‘5 503465 7558 -n.sQ? 777-/* 71688 73 s 18
com  -6604 269 g 4232 -Sa'zfz_m _70,6}1;29 _583.@ 69684028 686 6) .sg,zJﬂ?\ .mJﬁ: _Ggo/pm 6794264 '\T»O/OJ42" &Jms -%slaws 15048
469 2456 ] J
2o0us -.':zs.oﬁz ¢ -53.9'655 -540%54g7 -543%3453 280e 36Utz S30%oary -S338ER 525&':]9' syzasv 2342472 '2"35 523}“” 52742507 po0ue
2s0me _42§ 0994 _15glcr, 4151010 4108 -4084Ge -4l3e%ey 408 ylhsae 409"”“ -404 '0'00 -4\07/,0917 -394 4 10987 -405 10987 -393 looso 398 10220 o
9733 9708 L~ 9 9698 19708" 296 | &. /‘\
w008 -316 3172798 299 3005 303 2R 303 -292 204 o 2o $9705 9713 30,0 9686 .. 709737 y 3008
18 2 8 | 5747 a7 9Ty B N 20 & 2 7 gr3an Z%SJ s % = wupm
20
7604 75 47597 7579 7617 7624
45617628 16317608 144 -156 1531780 747594 53 5.2 1467622 _i56 a4 152 ¢ -8 132
jooue 7 20— 797 T3¢ 403 B et ey |s'1/75; l6| IG} ‘ s o N\ 4o0us
o9 NP
505010 6045894 -5.15902 -6.545880 -6.0,5898 -57,5882 .56.5886 .g2 5674 _4g 44 434N 44 -29 3043890 e
00MB 7 21 \ ¢ ub |e§ B 2t N |9’ |a‘ 157987 26 |3'§;5\ ‘ 35| W
4415 4407 4420
3809953 2204895 3304446 298439 404444 30la429 ppladse 2plesso 3y [40Q 4182, 20 Oe 38 4427
, cooMe g ‘\24 4|} 23;! 51 20\ nt= % 20 20'3;\ BTN T sa’/‘\ 99"\“\ soous
o l i I ) l 399 ool el
nal3ga 1021378 nelsiwr 1041367 u2lirs w03lxes oslam  selam  os 10413159 102 P4 106 1.8 13145 |oe 3
V{roowe 191~ 39| 27 77| 33'|'\ 15 32 65| zsﬁ o AL |3|43 30‘ Tooue
B2 lisze  1se Lisy el moglz  meg -GSyl mAgSE  8sel® ISR 1532 95 lis) 5! 1502 g L1438
850MB 769 ™ 75|'\q alN | 57| % '\,' 7% s ™ | % ;’é‘ %2 X I63| % ‘ 50 asome
235|570 236|560 2351560 235 | gsp B85y Blgey  232lse0 233 | 560 229|570 224 237 542 22.6 5% 237|530 3
m’zg z:g"—(‘-‘“ zve‘,,\ ssgh gﬁ' 2975' 252 zsg 7 23.‘: * 93‘./\ 278 ,é%‘ 238 ? 297 Wl 95 5:::;
84 Jioi3 86 T2 80 11012 85 Yol 85 1101 84 011 8l [0 84101 77 Jlor3 7ation 851100 _ 8111009 76 11008 sz'\.‘°°9
TIME | 00Z 122 00z 12z | ooz 12z | _ 00z 12z | o0z 12z ]L 00Z 2z | 00z 22 | TIME ]
DATE | 24 OCTOBER (966 25 OCTOBER 1966 | 26 OCTOBER 1966 27 OCTOBER 1966 | 28 OCTOBER 1966 _ | 29 OGTOBER i966 1 30 OCTOBER 1966 | DATE_
STATION: WAKE_ISLAND — 91 245 R L . e

Figure 4—Time-section of radiosonde observations from October 24 to October 30, 1966, over Wake Island (19°N.,
167°E.), indicating temperature (°C.), altitude (gpm), relative humidity (%), and wind (degrees; a full barb equals 10

knots) at standard pressure levels.

Lesoe 16596 16550 16543 I 18571 _ 16604 16583 6587 _ ]
oows  -80.30128% 757 B2 8288200 ToTery B0y o738 Tas e -800a80 -g1a8 Y ms@ azslﬁ\ LY e
soms  -673404248 _gg(al4246 710 42210 -69.3& 1210 -gog8t® Noreiazes -se.4r|4235 673 44‘2" -680414247 -685 »Q%SB -60881224% 692 61928 _qpareS: candlazes 1o
541 -548 - -542 -540 \ . 5331 2469 53662052 ¢4 $12481
200m8 ‘12461 -543%12463 "33 4;37 553812435 242miz437 920012046 53312449 553012425 ,9 12459 -536 &l 536 8vx, -543 628! 5308 520077008 200M8
- -408 - 10984 _ 10996 _ 10060
2some |I3| 0992 4I6/n§o T422a10%8 _415.0%5 v<|'09ez _4QDy 10969 \;E 10970 _.:? 10953 400 10980 _406 0588 -401 1 -2098—= e “Ble— " zsoug
00M5 305 %3707 3038 gm0 3193705 31 €5702 302 9694-30.0 9638 =# 9704 -3(78 9688 2991703 308 },e 292057 3058 2879718 -28489728 300
it 2l 10 306 62 10 e s & 42 49
-143 1 7611 -15.3 | 7616 -16.3 -16.1 -14.9 -15.2 -14.5 -15.5 ¢ 7583 -13.6 }7590 -14520 7697 -13.74 7591 -(46 -13.8 [ -i34
400MD 23— 38 fro06 Sev7ees 4% Ton0 ig® 7584 7590 g a8 42 a9 553 7990 G799 La75%  woome
-3.8 ) 5ggz -45[5892 44l ~ 51l .55 -48 350886 59l o 4 -44 344 5863 3907 -4l O soome
sowe  p { 34 3275887 545876 5275850 (7 5e8s %N\ 7gY5863 50 bsess 6415665 5 575865 ") § 5659 347 5659
42) 4432 37)a43a 36 36 30 211 4406 28] aa00 28] 408 38,4408 27[ 4403 31Le403 33 34 34
wowe oo BN 49T 4ivED 5300 s\ 57 7 G:J 100° 77 84 viaos 3 707 00 \sg# 4354 oo
10.9 04,3162 109)3159 13,348 108, 90 9903143 964339 9.5, 3136 99 10,4 96 98
mowe 4 " pod e ol CTETIIAL S0 65«\3 A > o433 Claziss 90} 3133 lﬂ% 3|30\\§1 3122 To0Me
182X g 002 19161508 106107 193,193 g5l 1501 194 L le0d 9T isiaMs  nsames  wslwe w9 487  189pi479  190m 472 g
BOME TeaT. 8 ";3‘0 7 sy AN T 17 85 ™~ AN 8 7Y 8 80/ g Soue
243 24, .3 | 540 . . . . . 3 X
soMs 68 Be—  Hen Mo~ M. 2 \5:° Mo, Thesn 2"7\533 z“:>510 Brag  53asoo Bip o0 239'9 500 950MB
swrace S E wlo0 %3 '7509 %3700 %47 ¥00s  X¥oor ZF3Joos e it 0¥i00s  Z3¢0or  “GEYioor 570 fioos 395 “Riove 2[5 ic0s subeace
TIME | 00Z RZ_ |00z oz 00z__ 12z | . 00z 127 007 12z [ ooz 12z 00z 12z | TiMe
DATE | 24 OCTOBER 1966 1 25 OCTOBER 1966 26 OCTOBER 1966 | 27 OCTOBER 1966 | 28 OCTOBER 1966 | 29 OCTOBER 1966 | 30 OCTOBER 1966 | DATE
STATION: ENIWETOK - 91 250

Figure 5~Time-section of radiosonde observations from October 24 to October 30, 1966, over Eniwetok Atoll (11°N,,
162°E.), indicating temperature (°C.), dltitude (gpm), relative humidity (%), and wind (degrees; a full barb equals 10

knots) at standard pressure levels.

10




125°E  IS0°E  I33°E  140°E  143°E  I150°E ( ISS°E 160°E \IM'E I70°E I75°E 180° IT3*W  170°W  I63°W  160°W  IS3°W  I50°W [45°W 140°W
- v g 0B

. - T 05 5%
[r102039 -4 P2 095 (20 P b
s / | —
142 12 . "81 / | / \
7 4~
2 = R ,p/ L / \ 0N
Qﬂ‘llaf‘ 15 n L LJ " ‘
1 ~ 1015
o be 2 (g
L —
‘l‘l- m 112 V &7 J w gups
u 1 b 35°N
o >
o y ul P;\“ : A2 10%0; I-I
2~ 17
] /n L /
Pvaaia 4
B A | 1020 g 3o
o [ ZIJS i " ~" -~ o e
101 ner p o100
A" Ba 2 e / @
b} 2 o 102 Ul 0 25°N
25°N o - % n < /E.l L g1 156 ?(‘é
. u 28\ gf 25 ;: ,/n /___Iols_
Tarn, 5 >//
25 2l 20°N
20°N v 2
ubl“ 1s a1y 01 )
2 a1 4 > r
1 2 ]
15°N / » f( | 15°N
UG ] |1
4 —
o e L = 10°N
10°N Ez ” . /,//'\\
2 2‘& agm e S X
%o E) n \ /
o e e 5o
L~ 4" o
== z
! LI go™ 38" o
o o
-
% (d Z‘l{ua
Z 24 IJQ
z 1 '
uz 5's
5°s ; 1 ﬁ'g -]
e & Ly a o ¢ uz| W
2 M B ado T
100§ n g LR a4 wop e £ ﬁm& “a 10°s
e . 5 = OO
A PR el TglB 5e= ] T ] 4z
s 2 g (P10 ! u a® X 2 &A 1505
| 3 7 2, 139 129 R
0 g 08| L ‘;g 14 n.\' ;lo—l ~°w \
o . 1§12 n o N 29 b M
W2 El s ——— £ [} 2 E
20°s i/ e I-"v‘lg.g'z’z':b'ﬁ,ﬁl v [ P o N\ " .ﬁ k -
3 b IV\ | o
2 ) i3 * \
,
2805 L ‘ T 258
3 By ~,
L
w4, ;m ﬂﬂls 245 D.O—-0—O-—o.
3 207 T o2
o
0% Som | /A 1200 GMT 308
z’o}m 2 P I
g ST - ™~ 24 OCTOBER, 1966
" 7
35°s o™ A S 385
‘:Pw o w” /’f’mm
UM R wio | H N
0's \ "°.° s { 1030 1005 1020 15 L _1ofo ‘ 40°S

i25°E  I30°E I135°E  140°E  145°E  IS0°E  I55°E  I60°E  I65°E  ITO*E  (75°E (80°  (75°W  ITO*W  (65°W  160"W  IS3°W  (30°W  (45°'W  (40°W

Figure 6—Surface weather map over the eastern central Pacific Ocean (October 24, 1966, 1200 GMT).

recognizable in the television and infrared cloud pictures and associated with a 200-mb streamline
trough (Figure A5). In front of this trough, a streamline divergence can be observed, particularly
near its southwestern-most extremities. This streamline divergence was rather persistent dur-
ing the period of early storm development and over the region where the development took place
(Figures A5 through E5). It is this dynamic feature that convinced the authors that high-level di-
vergence is an important factor for the initial tropical storm development, at least in this case of
Typhoon Marie. As mentioned above, this is contrary to Gray's statement. In this case of October
1966, a second perturbation (Tropical Disturbance #34) was generated nearby under the same upper
flow pattern approximately 15 degrees of longitude to the west of Marie. This disturbance devel-
oped its own anticyclonic 200-mb vortex before the development of Marie's anticyclonic circula-
tion (Figures C5 and D5). However, it rapidly disappeared on October 28. At the same time the
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pre-existing anticyclonic vortex in front of the next 200-mb trough approaching from the northwest
moved over the developing storm Marie and consequently accelerated its development into a full-
grown typhoon while #34 decayed.

The cirrus flow visible in the satellite pictures actually is indicating flow direction only and
thus shows diffluence rather than divergence. A correlation between true horizontal divergence
and cirrus cloud patterns has not been established yet because of a number of obvious difficulties
(Johnson, 1966). However, from the cloud development seen in the satellite pictures in this case,
it seems very unlikely that the velocity distribution in the rapidly expanding cirrus bands would
compensate for the observed diffluence to the extent that no net horizontal divergence would result.
Pronounced streamline divergence, in this sense, strongly suggests that wind divergence was
found to persist for days over the development area, not only during the latter stages of the typhoon
but also during the very early stages of detectable development as can be seen in Figures A5 through
E5. In addition, the 200-mb streamline analyses suggest a coupling between the storm development
and the mid-Pacific trough, as described by Sadler (1963 and 1967), since the tropical storm de-
velopment occurred near the extreme southwestern tip of this trough. The mid-Pacific trough
originally introduced as a climatological upper tropospheric feature (Dean, 1956) should be inter-
preted, however, as the result of sequences of extratropical fronts penetrating the subtropics and
finally stalling in this particular area. This means that the divergence pattern in the upper tropos-
pheric streamfield undergoes a continuous cycle of appearance and decay, and the maximum of the
resulting divergence will depend on the respective strength and structure of each individual frontal
system. A corresponding region where extratropical frontal disturbances penetrate the subtropics
and stagnate is found in the South Pacific in the same longitudinal area, as seen in TIROS VII radi-
ation data (Allison et al., 1968).

In this particular case, it seems that the divergence of the anticyclonic flow (Figures A5 to E5)
north of the almost zonally oriented mid-Pacific trough is particularly strong because of the next
approaching mid-latitude frontal system. This results in stronger dynamic effects in the trough
region. The high-level diffluence south of the trough seems also to be intensified, at least partly,
by two southern hemispheric troughs approaching the same region in phase with the northern hem-
ispheric systems and thus forming the boomerang-shaped, large-scale cloud configuration men-

tioned before.

A similar case of typhoon development (Gilda and Annie, 1967) one year later, as described in
the following section, supports the conclusion that this configuration of cloud bands which represent
the remnants of former mid-latitude frontal systems should be considered an essential factor in the

Typhoon Marie development.

APPARENT SIMILARITIES WITH THE DEVELOPMENT OF TYPHOON GILDA 1967

The early development stages of Typhoons Marie 1966 and Gilda 1967 appear to have been very
similar. The cloud pattern, previous to the Gilda development, on November 4, 1967 at 5°N. to 10°N.
and 175°E. to 170°W. (Figure K2) was similar to the pattern observed for Marie on October 27, 1966
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between 12°N. and 16°N. and 167°E. and 180°E. In both cases, the ITC in this area was shown by
the satellite pictures to be intense with long cirrus streamers blowing toward the east. These
streamers showed a strong streamline divergence indicative of horizontal mass divergence. In
both cases the later storm development occurred somewhat to the west of this cloud feature.

Similarity also existed in the large-scale cloud features such as the boomerang-like cloud
pattern that was observed previously to the storm formation. This pronounced cloud pattern ex-
hibited on November 3, 1967 (Figure K1) was formed by a cloud band, north of Australia, which
extended from 13°S, at 170°W. to 10°S. at 155°E. and intersected the equator near 135°E., together
with a frontal cloud band in the northern hemisphere which extended from 40°N. at 168°W. to 30°N.
at 180°W. and continued to 25°N, at 165°E. The connection between the frontal cloud band and the
ITC was not as strong as observed in the Marie case, but an indication of a heavier cloud mass is
present around 155°E, Near the area of later storm development, at 3°N, and 160 to 165°E,, some
small cumuliform clouds are seen, as was observed in the 1966 case.

On November 4, 1967 (Figure K2), the pattern formed by the cloud bands in the southern hem-
ipshere was essentially unchanged. The cold front in the northerm hemisphere extended from 145°E,
at 30°N. to 155°E. at 35°N, and continued northeastward to a low center located off the Oregon coast.
The ITC from 160°E, to 170°E, appears as a number of small intense cumulus cells,

On November 5 (Figure K3), a number of small cumulus cells appear near 0° to 3°N. and 163°
to 168°E. One day later (November 6, Figure K4), the organized cirrus outflow of a developing sys-
tem can be seen centered at 2°N. and 164°E. The full typhoon stage of Gilda was reached on No-
vember 7 (Figure K5), and, while a very strong upper outflow southward across the equator was
visible on November 8, the rare case of a twin storm development rapidly occurred south of Gilda
at 5°S. (Figure K6), with Typhoon Annie 1967 fully developed on November 9 (Figure KT).

CONCLUSIONS

One of the most significant advantages of remote sensing techniques from a quasipolar orbiting
satellite is the ability to produce global maps of the observed guantities. In this way, a wealth of
meteorological information can be obtained from such large data-sparse areas as the eastern and
central Pacific Ocean. In this study the meteorological conditions over the mid-Pacific Ocean were
investigated for part of the 1966 typhoon season. Twelve-hour continuity was provided by the night-
time Nimbus H HRIR observations and the daytime ESSA-3 satellite television pictures. This in-
formation was used in combination with the limited conventional meteorological data to derive
upper and lower tropospheric streamfields and fo study the interaction of extratropical disturbances
of both hemispheres with the intertropical circulation before and during the development of Typhoon
Marie 1966.

The development of this typhoon could be followed from the earliest stage of an organized cir-
culation pattern in low-level cumulus around 15°N. and 180° longitude through the growth of the

convection cloud into cumulonimbus, through the development of cirrus anvils and a cirrus canopy,
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to the final, full typhoon stage. The development took place in the tropical Pacific where the fol-
lowing conditions existed: surface water warmer than 28°C, high water vapor content in the lower
troposphere, low-level wind convergence, weak vertical wind shear, and the area located 7° to 8°
latitude north of the equatorial trough. The development also took place close to an area where

the remnants of extratropical frontal disturbances, characterized by 200-mb troughs and distinct
cloud bands, approached the ITC zone from both hemispheres. Upper tropospheric (200-mb) stream-
line maps constructed from radiosonde observations, as well as satellite pictures (cirrus flow),
indicated persistent upper divergence over the development area in connection with these troughs.
These seemed to play an essential role in the storm development.

With the present description of the development history of Typhoons Marie 1966 and Gilda 1967,
and particularly the emphasis on the influence of the former mid-latitude frontal disturbances on the
divergence pattern over the development area, the authors do not intend to suggest that this kind of
development is the only or even the main cause of tropical storm development; rather, in the in-
vestigated case, the described mechanisms seem to have worked. This interaction between the
extratropical and tropical circulations certainly is only one of several ways a tropical storm may
develop. Stronger upper-tropospheric divergence, intensifying the pre-existing surface conver-
gence and the consequently continuous and widespread convective heat release, may occur under a
number of configurations of meteorological systems other than the one discussed here. More cases
must be studied to cover the full spectrum of possible conditions. Satellite infrared and television
data from near-earth orbits are, as was found, already very useful diagnostic tools for tropical
meteorological research. Future use of similar observations, as well as observations from geo-
synchronous satellites should provide an even better insight into tropical circulation phenomena.
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on October 24, 1966, near 0200 GMT (local early afternoon).
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October 25, 1966, near 1200 GMT (hear local midnight). The dashed line is the 180°
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Figure C1—Montage of Nimbus Il HRIR filmstrips (orbits 2185, 2186,
and 2187) on October 26, 1966, near 1200 GMT (near local mid-
night). The dashed line is the 180° meridian.
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Figure C3—Montage of ESSA-3 television photographs (orbits 295, 296, 297, and 298)
on October 26, 1966, near 0200 GMT (local early afternoon).
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Figure C4—Montage of ESSA-3 television photographs (orbits 296 and 297)
on October 26, 1966, near 0200 GMT (local early afternoon).
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Figure C5—Composite of nephanalysis (bosed on satellite photographs, ESSA 1968) and 200-mb streamlines
{derived from radiosonde observations and satellite photographs) on October 26, 1966, 00 GMT.
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Figure D1—=Montage of Nimbus Il HRIR filmstrips (orbits 2198, 2199, and 2200) on
October 27, 1966, near 1200 GMT (near local midnight). The dashed line is the 180°

meridian.
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Figure D2—Analysis of Nimbus Il HRIR measurements (orbits 2198, 2199, and 2200) on October

27,1966, near 1200 GMT (near local midnight) based on a computer grid print map with 0.5 de-
grees longitude per grid interval.
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Figure D3—Montage of ESSA-3 television photographs (orbits 308, 309, 310, and 311)
on October 27, 1966, near 0200 GMT (local early afternoon).
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Figure D4 —Montage of ESSA-3 television photographs (orbits 309 and 310)
on October 27, 1966, near 0200 GMT (local early afternoon).
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Figure D5—Composite of nephanalysis (based on satellite photographs, ESSA 1968) and 200-mb streamlines
{derived from radiosonde observations and satellite photographs) on October 27, 1966, 00 GMT.
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Figure E1—Montage of Nimbus Il HRIR filmstrips (orbits 2211, 2212, and 2213) on
October 28, 1966, near 1200 GMT (near local midnight). The dashed line is the 180°
meridian,
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Figure E2—Analysis of Nimbus 11 HRIR measurements (orbits 2212 and 2213) on October 28, 1966,
near 1200 GMT (near local midnight) based on a computer grid map with 0.5 degree longitude per

grid interval.
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Figure E3—Montage of ESSA-3 television photographs (orbits 320, 321, 322, and 323)
on October 28, 1966, near 0200 GMT (local early afternoon).
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Figure E4—Montage of ESSA-3 television photographs (orbits 321 and 322)
on October 28, 1966, near 0200 GMT (local early afternoon).
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Figure E5—Composite of nephanalysis (based on satellite photographs, ESSA 1968) and 200-mb streamlines
(derived from radiosonde observations and satellite photographs) on October 28, 1966, 00 CMT.
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Figure F1—Montage of Nimbus Il HRIR filmstrips (orbits 2225,
and 2226) on October 29, 1966, near 1200 GMT (near local
midnight). The dashed line is the 180° meridian.
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Figure F2—Analysis of Nimbus Il HRIR measurements (orbits 2225, and 2226) on October 29, 1966,
near 1200 GMT (near local midnight) based on a computer grid print map with 0.5degree longitude

per grid interval.
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Figure F3—Montage of ESSA-3 television photographs (orbits 333, 334, 335, and 336)
on October 29, 1966, near 0200 GMT (local early afternoon).
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Figure F4—Montage of ESSA=-3 television photographs (orbits 334, and 335
on October 29, 1966, near 0200 GMT (local early afternoon?.
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Figure G1—Montage of Nimbus 1| HRIR filmstrips (orbits 2238,
and 2239) on October 30, 1966, near 1200 GMT (near local
midnight). The dashed line is the 180° meridian.
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Figure G2—Analysis of Nimbus Il HRIR measurements (orbits 2238, 2239, and 2240) on October
30, 1966, near 1200 GMT (near local midnight) based on a computer grid print map with 0.625

degree longitude per grid interval,



30°N 30°N

20°N 20°N
10°N 10°N
0° 0o
10°$ 10°§
2005 2005
3005 {0 % . - ST RN S S 4 —30°s
40°5 'A . ‘ ' ' i ‘ . . " “ Sl = ‘N g - | 40°s

Figure G3—Montage of ESSA-3 television photographs (orbits 346, 347, and 348)
on October 30, 1966, near 0200 GMT (local early afternoon).
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Figure H1—Montage of Nimbus Il HRIR filmstrips (orbits 2252,
and 2253) on Ociober 31, 1966, near 1200 GMT (near local
midnight). The dashed line is the 180° meridian.
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Figure H2—Analysis of Nimbus Il HRIR measurements (orbits 2252, 2253, and 2254) on October 31,
1966, near 1200 GMT (near local midnight) based on a computer grid print map with 0.625 degree
longitude per grid interval.



Figure H3—Montage of ESSA-3 television photographs (orbits 360, 361, and 362)
on October 31, 1964, near 0200 GMT (local early afternocon).







Appendix I

November 1, 1966
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Figure IT—Nimbus Il HRIR film-
strip (orbit 2266) on November 1,
1966, near 1200 GMT (near local
midnight).
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Figure 12—Analysis of Nimbus |1 HRIR measurements (orbits 2265, 2266, and 2267) on Novem-
ber 1, 1966, near 1200 GMT (near local midnight) based on a computer grid print map with
0.625 degree longitude per grid interval.
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Figure I3—Montage of ESSA-3 television photographs (orbits 371, 372, and 373)
on November 1, 1966 (local early afternocon).
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November 2, 1966
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Figure J1—Montage of Nimbus Il HRIR filmstrips (orbits 2279, and
2280) on November 2, 1966, near 1200 GMT (near local midnight).
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Figure J2—Analysis of Nimbus Il HRIR measurements (orbits 2278, 2279, and 2280) on Novem-
ber 2, 1966, near 1200 GMT (near local midnight) based on a computer grid print map with
0.625 degree longitude per grid interval.
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Figure K1. Montage of ESSA-3 Television Photographs (Orbits 4980, 4981, 4982) on 3 November 1967,
near 0100 GMT (Local Early Afternoon)
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Figure K2. Montage of ESSA-3 Television Photographs (Orbits 4993, 4994, 4995) on 4 November 1967
near 0200 GMT (Local Early Afternoon)
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Figure K3. Montage of ESSA-3 Television Photographs (Orbits 5005, 5006, 5007) on 5 November 1967,
near 0100 GMT (Local Early Afternoon)
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Figure K4. Montage of ESSA-3 Television Photographs (Orbits 5018, 5019) on 6 November 1967, near
0D00 GMT (Local Early Afternoon)
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Figure K5. Montage of ESSA-3 Television Photographs (Orbits 5031, 5032, 5033) on 7 November 1967,
near 0200 GMT (Local Early Afternoon)

92



30° N

B 20° N
20° N
10° N
10° N B
. OO
0°
B 10° S
10" s g
B 20° S
20° S pume y
- X i 30° S

1300 E 140° E 150° E 160° E 170" E 180° 70"W 160° W

Figure K6. Montage of ESSA-3 Television Photographs (Orbits 5044, 5045, 5046) on 8 November 1967,
near 0200 GMT (Local Early Afternoon)
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Figure K7. Montage of ESSA-3 Television Photographs (Orbits 5056, 5057, 5058) on 9 November 1967,
near 0200 GMT (Local Early Afternoon)
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